Study Objectives: To determine if electrocardiographic parameters are predictive of response to non-pharmacological insomnia therapy.
Introduction
Insomnia is a heterogeneous disorder, with multiple possible causes that result in a common symptom. For example, insomnia can result from a variety of medical or psychiatric disorders, medications, or be the result of heightened arousal 1, 2 . An intervention targeted at only one possible cause of insomnia will require a considerable sample size to show a treatment effect. Better patient characterization and selection might help limit interventions to those patients most likely to respond. If such a technique could be developed, therapeutic approaches to insomnia could be investigated in a more cost effective and focused manner, while minimizing risk and expense for probable non-responders. Some investigators have suggested that physiological parameters may be a useful method to classify insomnia patients (particularly those with psychophysiological insomnia) and thus may be used to stratify responsiveness to therapy. 2 Bonnet et al. 2, 3 have suggested that electrocardiographic (ECG) parameters may be markers of hyper-arousal in insomnia patients. Although heart rate variability (HRV)
analyses have been widely mistrusted regarding their ability to define sympathetic and parasympathetic activity [4] [5] [6] , most investigators believe that these parameters have some physiological significance 7 . While low frequency (LF) and high frequency (HF) power in the spectrum of the beat-to-beat (RR) interval tachogram may not directly or completely reflect sympathetic and parasympathetic activity respectively, they are quantifiable parameters which are likely modulated by the autonomic nervous system 7 . It has been hypothesized that HF power in the spectrum may represent a component of vagal tone while LF power represents a combination of vagal and sympathetic activity. Therefore an increase in HF would indicate some increase in vagal activity but an increase in LF would be harder to interpret alone in isolation. Though the true relationship between LF and HF power and autonomic function is unclear, insomnia patients with changes in these values may reflect a specific subset of patients most likely to respond to a given intervention. We therefore propose the use of these physiological parameters for the purpose of reducing variance in response to therapy among patient populations.
Behavioral therapies and pharmacotherapy have important roles in the treatment of insomnia; however, some investigators have suggested other approaches. We and others have investigated the role of vestibular stimulation as an interventional strategy 8 . We have recently tested the hypothesis that electrical stimulation of the vestibular nerve would reduce sleep onset latency to a greater extent than sham stimulation. Vestibular stimulation can create a rocking sensation which was predicted to shorten the latency from bedtime to persistent sleep (LPS) in an established insomnia model.
In the parent study, vestibular stimulation did not significantly shorten LPS time as compared to sham when examining the entire cohort. However, the authors speculated that vestibular stimulation was effective in specific subsets of patients. We hypothesized that HRV markers may be a predictor of response to treatment. Specifically, that increased levels in LF and LF/HF ratio are suggestive of increased estimated sympathetic activity which may make one more likely to respond to therapy. The therapy is hypothesized to decrease arousal and sympathetic activity as measured by a decrease in LF and LF/HF ratio.
Methods

Subjects
All subjects gave informed consent prior to participation in the study. 
Study protocol
Detailed study design procedures have been described in the parent study 8 .
Briefly, subjects were recruited for two consecutive overnight studies. On the first night subjects were allowed to sleep at their normal bedtime. The following night subjects were phase advanced four hours and randomized to receive either one hour of vestibular stimulation, or sham therapy, beginning at lights out. In an attempt to qualify the subjective experience of subjects with stimulation, subjects were asked whether they had a physical (skin) or vestibular (sway) sensation on the treatment night. To eliminate noise in the ECG data and to detect RR intervals more accurately, the ECG was filtered using a bandpass phase-preserving finite impulse response (FIR)
filter with cutoffs at 2 and 30 Hz. From the filtered ECG data, RR intervals were found using a standard peak detection program 10 , with all irregular and ectopic beats removed from the analysis. Non-sinus beats were identified for removal when an RR interval had changed more then 20% from the previous interval.
The power spectral density of the RR intervals was calculated for each five minute window using the Lomb periodogram 11, 12 which obviates the need for resampling and interpolation of missing data. Low frequency (LF) power was defined as the total power in the spectra 0.04-0.1499 Hz 7 . High frequency (HF) power was defined as the total power in the spectra from 0.15 Hz -0.4 Hz 7 . We normalized LF and HF by the total power in the spectra from 0.0-0.5 Hz after linear detrending. The LF/HF ratio was calculated, together with the average heart rate (HR) and standard deviation of HR before and after sleep onset. The relative change of each variable between baseline night and therapy night, as a percent difference from the baseline night, was calculated. All metrics were calculated for each individual subject and averaged over each treatment group. In the parent study it was found that a long baseline MSLT time predicted shorter LPS when on therapy 8 . We therefore analyzed the HRV data to assess whether sleep onset latency times correlated with increased LF at baseline. Furthermore, because HRV is agedependent, we assessed any age effects on HRV data at baseline and on therapy/sham [13] [14] [15] [16] .
Another commonly used HRV metric, the pNN50, was also calculated. The pNN50 is defined as the percent of normal beat-to-beat RR intervals in which the change in consecutive normal sinus (NN) intervals exceeds 50 milliseconds and is thought to reflect parasympathetic activity 17, 18 .
Responders vs. Non-Responders
'Responders' to therapy were pre-specified (prior to the analyses of the present study) as those whose LPS time was decreased by 25% or more on the therapy night relative to the baseline night, or if LPS time was less than or equal to eight minutes when on therapy. All subjects who did not meet these criteria were defined as 'nonresponders.'
We also separated the sham group (who received no active therapy) into responders and non responders as well. While this is somewhat counter-intuitive, we wanted to eliminate the possibility that any changes in HRV metrics were simply due to a shortened LPS time (i.e. non-specific/behavioral effects of sleep onset) or due to random variations that may occur night to night.
Statistics
Since the HRV estimates were non-Gaussian we performed a Mann-Whitney U test for all comparisons of HRV metrics between groups. We also used a Spearman rank order correlation to determine the correlation between parameters such as age and HRV measures.
Results
One hundred and one subjects underwent treatment with vestibular stimulation, and 97 subjects underwent sham treatment. Subjects were excluded from this analysis due to major ECG artifacts (n=14), interruptions in treatment (n=7), or missing data (n=9).
Full demographic data and sufficient quality ECG data were available from 75 treated subjects and 93 sham subjects. Treatment and sham groups were well matched for age, sex, MSLT, and baseline LPS (Table 1) . With vestibular stimulation, most subjects reported feeling a swaying sensation (65%) while some reported a skin sensation (40%).
We found no statistically significant differences in HRV between treatment and sham groups either at baseline or on the treatment night during wakefulness ( Table 2) .
As stated, subjects receiving the stimulation treatment were separated into responders or non-responders. When separated in this manner we found a significantly higher LF power (p<0.02) during wakefulness on the baseline night in people who responded to therapy (n=26) as compared to those who did not respond to the therapy (n=49) ( Figure 1A ). When we separated the sham group in a similar manner we did not see any difference in LF power between those who had a shortened LPS time (LF=0.18±0.09, n=33) and those with no change in LPS (LF=0.19±0.08, n= 67) ( Figure   1B ).
Although responders and non-responders had similar levels of HF power at baseline, in the therapy group responders exhibited elevated HF power relative to nonresponders when on therapy (p<0.05) (Figure 2A ). In the sham control again there were no differences seen in HF power ( Figure 2B ). During the five minute period following onset of persistent sleep, no differences in any tested HRV metrics were detected between responders and non-responders or between therapy and sham.
When separating the sham group by LPS we did not find any statistically significant differences in any of the HRV metrics we evaluated. Furthermore, we found no statistically significant differences in pNN50 between responders and non-responders in either the sham or therapy group.
One exploratory aim of the study was to determine if other factors such as age or MSLT had an impact on the HRV characteristics. We found that age negatively correlated with LF power during therapy (correlation coefficient=-0.26, p <0.03);
however, age did not correlate with LF power at baseline or during sham treatment.
Furthermore, age correlated with a decrease in LF power from baseline to therapy in the treatment group (correlation coefficient=-0.29, p<0.01) but not in the sham cohort (correlation coefficient=-0.02, p=0.84). Mean sleep onset latency was not correlated with any HRV characteristics.
As an alternative way to analyze age differences, we chose a cutoff age of 35 years and analyzed older vs. younger responders and non responders to therapy. When stratifying by age, we found that responders aged over 35 years (n = 11) had significantly elevated LF power at baseline as compared to non-responders (n = 18) aged over 35 years (p<0.01). However, in those 35 years of age or less, there was no statistically significant difference in LF power between responders (n= 15) and non-responders in this age group (n = 31) at baseline or during therapy ( Figure 3A) . Furthermore, we found that older responders (aged over 35 years) had significantly higher LF power at baseline as compared to when they were on therapy (p<0.005). Again, none of these statistically significant differences was observed when we stratified the sham group in the same manner ( Figure 3B ).
Discussion
Our results add to the literature in an important manner as they provide proof for the concept that physiological markers may be used to classify people in terms of their probability of response to insomnia therapy. Although LPS time and HRV measures were not significantly different between therapy and sham groups, we have shown that the HRV data are different in those subjects who responded to therapy as compared to those that did not respond. Responders to therapy had an elevated baseline LF power, possibly indicative of heightened arousal at baseline and amenable to this type of stimulation therapy. Given that baseline HF levels were similar in responders and nonresponders it seems possible that responders to therapy may have had increased estimated sympathetic activity at baseline leading to increased LF power. This relationship is driven by the older cohort of subjects (>35 years). Older subjects were more likely to have lower LF power during therapy, independent of LPS time, while the effect was not seen in sham groups. When stratified by age we observed that older responders have a clear elevation in LF power at baseline as compared to other groups and to themselves on therapy, indicating this group may be the most responsive to treatment. The differences seen in the HRV characteristics of the therapy group are not replicated within the sham group and lead one to speculate that the therapy does play some role in altering the autonomic output of the therapy subjects. We speculate that the vestibular stimulation may work to decrease sympathetic activity as estimated by LF power. An older group of subjects with high baseline LF (possibly indicative of high sympathetic activation) would be the most likely group to respond to this therapy. If HRV differences were just due to shortened LPS time or age, they should also appear in the sham cohort.
Our paper has a number of limitations. First, we analyzed ECG data only in the five minutes before and after sleep onset. However, we believe this approach would bias the data toward the null hypothesis as we would expect subjects to be extremely sleepy in the five minutes before sleep onset occurs, rather than hyperaroused. Furthermore, there is considerable overlap in the range of LF and HF power of responders and nonresponders indicating that HRV in isolation may not be perfect in predicting response.
Of note, since we did not see any differences in HRV variables during sleep, only during wakefulness, we hypothesize that the hyper-aroused state before sleep onset does not persist during sleep. This finding is consistent with prior reports that patients with insomnia tend to have normal heart rate variability characteristics during sleep 19, 20 .
Although considerable controversy exists regarding how closely HRV metrics correspond with actual autonomic parameters 21 , for the purpose of our analyses this debate is largely academic. Future studies looking more closely at the relationship between autonomic function and sleep would be useful in determining important markers which can help predict response to various insomnia therapies. We hypothesize that this therapy may see the most benefit in a population of hyper-aroused (as estimated by an increased LF power) people over the age of 35yrs. Further research (employing gold standard measures of muscle sympathetic nerve activity or pharmacological studies for example) would be required to test mechanistic hypotheses such as the role of the sympathetic nervous system per se in mediating insomnia therapy response. B.
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